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We photographed high velocity impact of small water droplets 
(0.55 mm) on a heated stainless steel surface. To achieve high 
impact velocities the test surface was mounted on the rim of a 
rotating flywheel, giving linear velocities of up to 50 m/s. Two 
cartridge heaters were inserted in the substrate and used to vary 
substrate temperature. A CCD video camera was used to 
photograph droplets impinging on the substrate. By 
synchronizing the ejection of a single droplet with the position 
of the rotating flywheel and triggering of the camera, different 
stages of droplet impact were photographed. Substrate 
temperature was varied from 100-240°C and the impact velocity 
from 10-30 m/s. High-resolution photographs were taken of 
vapor bubbles nucleating sites inside the thin films produced by 
spreading droplets. For a given impact velocity, the extent of 
droplet spreading increased with substrate temperature. The 
superheat needed to initiate bubble nucleation decreased with 
impact velocity. We derived an analytical expression for the 
amount of superheat required for vapor bubble nucleation as a 
function of impact velocity.  
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NOMENCLATURE 
A Antoine Equation coefficient (=18.3036) 
B Antoine Equation coefficient (=3816.44) 
C Antoine Equation coefficient (=-46.13) 
D droplet diameter 
hfg latent heat of vaporization (KJ/Kg) 
P pressure 
vR  vapor constant(=0.2867KJ/KgK) 
Ra average roughness https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of UsRc maximum cavity size 
T temperature 
Tl liquid temperature 
Tsat saturation temperature 
TS substrate temperature 
( )sat lT p  saturation temperature at lp  
V droplet impact velocity 
fν  specific volume of fluid 
gν  specific volume of gas 
fgν  = g fν ν−  
Greek Symbols 
 
α  surface tension equation constant (=0.2358 N/m) 
β  surface tension equation constant (=1.256) 
γ  surface tension equation constant (=-0.625) 
µ air viscosity 
σ  droplet surface tension 
ρ   droplet density                                           
ξmax  maximum spread factor (=Dmax/D0) 
Dimensionless Numbers 
 
Ca Capillary number (=µV /σ) 










Cooling of hot surfaces with liquid sprays is a common 
technique in the metals processing, nuclear and electronics 
industries. Many studies (e.g., Chandra & Avedisian 1991, 
Bernardin, Stebbins & Mudawar 1997) have been done to 
observe the boiling of droplets deposited on heated surfaces, in 
an effort to develop models that can predict the cooling rate of 
spray quenched surfaces. Droplet impact dynamics depend on 
both substrate temperature and impact velocity. When a droplet 
is gently deposited on a hot surface it forms a liquid mass 
whose outline resembles a section of a sphere: the exact shape 
may vary from hemispherical to a very thin layer, depending on 
the wettability of the surface. If the surface temperature is above 
the boiling point of the liquid nucleate boiling will start, with 
vapor bubble forming in surface crevices, detaching and rising 
into the liquid. Once the surface temperature rises above the 
“Leidenfrost point” droplets go into a state of film boiling and 
are seen to levitate above the solid surface, supported on a film 
of their own vapor.  
The description of droplet boiling given above is based on 
experiments in which millimeter sized droplets were dropped 
with velocities of typically 1-2 m/s onto a hot surface. However, 
in applications where cooling sprays issue out of high pressure 
nozzles droplets may have much higher impact velocities, up to 
several tens of meters per second. Experiments on spray cooling 
(Chen, Chow & Navedo 2002) have shown that spray velocity 
has a significant effect on heat transfer.  High impact velocity 
can affect droplet boiling in several possible ways. Firstly, a 
large stagnation pressure will be generated in a droplet 
suddenly brought to rest after hitting a surface: as liquid 
pressure increases physical properties such as saturation 
temperature, density and latent heat all change, affecting 
boiling. Secondly, droplets spread into a very thin film after high 
velocity impact. If the film thickness is the same order of 
magnitude as nucleating bubbles, they will rupture the film 
rather than detaching from the surface.  
The objective of this study was to observe the high 
velocity impact of water droplets on a heated stainless steel 
surface. Droplet velocity was varied from 10-30 m/s and 
substra te temperature raised up to 240°C. We photographed 
droplets as they landed on heated surfaces and compared their 





A pneumatic droplet generator, details of which have been 
described elsewhere (Cheng & Chandra 2003), was used to 
produce uniform sized water droplets. To achieve high impact 
velocities, it is easier to accelerate the substrate rather than the 
droplet. One way of doing this is to mount the substrate on the 
rim of a rotating flywheel. Figure 1 shows a schematic diagram 
of the apparatus we built to capture images of droplet impact by  
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the position of the moving substrate. For a detailed description 
of the experimental setup the reader is referred to Mehdizadeh, 
Chandra, & Mostaghimi (2003). 
An aluminum plate 38.1 mm x 25.4 mm in size was bolted to 
rim of a 406.4 mm diameter aluminum flywheel. A 0.51 mm thick 
stainless steel coupons polished on a metallurgical wheel to a 
mirror finish was fixed to the front of the aluminum plate and 
used as a test surface. Its average surface roughness (Ra) at the 
center was measured in two different directions, using a PDI 
surfometer that records the surface profile of a component by 
running a stylus over it. The average value of the measurements 
was calculated to be Ra =0.01 µm. The maximum roughness 
value, measured from peak-to-valley, was Rz =0.5 µm.  
A slip ring was mounted on the upper end of the flywheel 
shaft  and used to carry electric power to the test surface and 
thermocouple signals from it. To heat the substrate two 120 W 
cartridge heaters were inserted into holes in the aluminum plate. 
A Chromel-Alumel thermocouple was inserted into the center of 
the plate with its tip touching the stainless steel coupon. By 
varying the voltage applied to the heaters the temperature of the 
test surface could be controlled. The temperature of the surface 
was allowed to reach steady state while rotating before 
depositing droplets on it. Spatial temperature variations from 
one side of the test surface to the other when it was moving 























A CCD video camera was used to photograph droplet 
dynamics during impact. It had an intensified CCD chip capable 
of recording 30 frames per second with a resolution of 1280 x 
1024 pixels. Exposures were electronically shuttered to a 
duration of 0.1 µs, short enough to capture the deformation of 
the droplet during the impact without any blurring caused by 
Figure1: Schematic diagram of the experimental apparatus 2 Copyright © 2004 by ASME 
: http://www.asme.org/about-asme/terms-of-use
Dowthe extremely fast motion of the substrate. A 10 µs duration flash 
provided illumination for photography. To hit a falling droplet 
with the moving substrate, and to photograph its impact, three 
events had to be synchronized with the position of the arm: 
ejection of a droplet, triggering of the camera, and triggering of a 
flash to provide illumination. An optical sensor was used to 
detect the position of the rotating flywheel. This signal was 
then used to trigger the camera, flash, and droplet generator. 
Since the frequency of this signal was too high to directly drive 
the droplet generator, it first passed through a frequency 
divider, which reduced the frequency by a factor that varied 
from 2 to 32, depending on the rotational speed of the arm. The 
low frequency signal formed one input of an AND gate (see 
Figure 1).  
When we were ready to take a photograph we pressed a 
switch which activated the second input of the AND gate, so 
that the pulses at the other input were transmitted to a time 
delay unit. The rising edge of each pulse provided a reference 
we used to time all other events. The digital time delay generator 
controlled the timing of three subsequent actions with pico-
second resolution. We made droplets collide with the substrate 
by varying the delay between the reference pulse and triggering 
of the droplet generator. Each droplet was ejected from the 
generator and fell to a position coincident with the center of the 
test surface just as the substrate approached the droplet. 
Different stages of droplet impact could be observed by varying 
the time delay after which a photograph was taken. 
A software package (SensiControl 4.03, Kitchener, ON) 
was used to transfer the images from the camera to a computer. 
Droplet dimensions were measured using an image analysis 
software. The resolution of these measurements, corresponding 
to one pixel of the digital image viewed on a computer monitor, 
was 5 µm.  
In our experiments we did not expect the gas velocity to 
have any significant effect on droplet shape or impact 
dynamics, because the viscous shear force exerted by the 
surrounding gas on a droplet is much less than the surface 
tension force that keeps it spherical. The capillary number 
(Ca=µV/σ) gives the relative magnitudes of viscous and surface 
tension forces. For a water droplet traveling with a velocity 
V0=30 m/s we estimated Ca~10
-2, showing that the shear exerted 
by the surrounding gas is relatively small. 
A droplet colliding with a rotating surface is acted upon 
by both centrifugal and Coriolis forces. An order-of-magnitude 
analysis (Mehdizadeh, 2002) of the Navier-Stokes equations in 
which they appear as additional body forces, showed that for 
D0/Rf <<1 (where Rf is the distance between the center of the 
droplet and center of rotation) both centrifugal and Coriolis 
forces may be neglected, which was the case in our experiments. 
 RESULTS AND DISCUSSION   
 
Figure 2 shows 0.55 mm water droplets evaporating after 
being gently deposited on a stainless steel surface. Each  
nloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Uscolumn shows successive images during droplet evaporation. 
The surface temp erature is marked at the top of each column 
and the time of each frame is marked under it, measured from the 
droplet being deposited. Droplets were dropped from a height of 
50 mm onto the surface, giving an impact velocity of 
approximately 1 m/s.  
Droplets assumed a hemispherical shape after impact, with 
a liquid-solid contact angle of 90°. A single bubble is visible in 
each droplet immediately after impact, formed due to entrapment 
of air in a cusp created by a high pressure region created as the 
droplet approached the solid surface (Chandra & Avedisian 
1991, Mehdi-Nejad, Mostaghimi & Chandra 2003).  
Conventional heterogeneous nucleation theory (Carey 
1992) predicts that a small amount of superheat is required to 
activate surface nucleation sites during nucleate boiling. 
However, in this case a bubble was always present in droplets 
and therefore no superheat was required. The bubble grew 
larger until it occupied a large portion of the droplet volume (see 
Ts=100°C, t=150 ms). Increasing surface temperature resulted in 
a decrease in droplet evaporation time. At Ts=115°C the droplet 



















T=100 ºC T=105 ºC T=110 ºC T=115 ºC 
0 ms 0 ms 0 ms 0 ms 
Figure2: Onset of nucleation inside a 0.55 mm water     
 droplet deposited on a hot stainless steel surface  
 













































































































Figure 3: Effect of impact velocity and substrate temperature on the nucleation sites inside a spreading 
water droplet impinging on a stainless steel substrate. 
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DownIncreasing impact velocity above 10 m/s produced a 
significant change in droplet boiling and impact dynamics. 
Figure 3 shows photographs of droplets at their maximum 
extension after impact droplet for three different impact 
velocities (10, 20, and 30m/s) and for five different surface 
temperatures (140, 160, 180, 200, and 240ºC). Raising impact 
velocity resulted in an increase in the extent of droplet spread 
after impact. 
 Figure 4 shows a plot of maximum spread factor (defined as
the maximum diameter of the liquid film after spreading 
normalized by the initial droplet diameter) plotted as a function 
of substrate temperature for three different impact velocities. 
Each point is the average of five measurements with error bars 
marking the maximum and minimum values measured. For all 
impact velocities the maximum spread factor (ξmax) increased 
with substrate temperature. The viscosity and surface tension 
of water both decrease with increasing temperature, reducing 























Fingers were observed forming at regular intervals 
around the periphery of spreading droplets. These grew 
longer as surface temperature increased the edge of the 
spreading droplet become longer. Kim, Feng, & Chun (2000) 
showed that fingers are caused due to Rayleigh-Taylor 
instability, and their amplitude increases with Weber number 
(We=ρV2D/σ). Decreased surface tension due to increased 
temperature would result in an effective increase of We.  
Unlike droplets deposited on a surface at low velocity 
(Figure 2) no bubbles were observed in a droplet impacting 
at a velocity of 10 m/s until the surface temperature was 
raised to 200ºC. As the impact velocity was increased the 
temperature at which nucleation was observed shifted to 



























Figure 4: Maximum spread factor versus substrate 
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nucleation temperature is around 200ºC for an impact 
velocity of 10m/s, 180ºC for an impact velocity of 20m/s, and 
only 160ºC for an impact velocity of 30m/s. The superheat 
required to initiate nucleate boiling is therefore reduced as 
impact velocity is increased.  
 
 
From heterogeneous pool boiling theory the liquid 
temperature (assumed equal to the surface temperature) 
require to initiate nucleation from a surface cavity of radius 
Rc is (Carey, 1992): 
2 ( )






= +   (1)  
Here ( )sat lT p denotes the saturation temperature of water at 
the liquid pressure lp .  
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where A, B, and C are empirical constants whose values are: 
 
A=18.3036, B=3816.44, C=-46.13   
 
In Equation 2, the units for ( )sat lT p and lp  are K and mmHg, 
respectively. 
 
lp , the stagnation pressure inside a droplet impinging with 






p V pρ≈ +    (3) 
 
Where ρ ,V , and 0p are water density, impact velocity and 
atmospheric pressure, respectively. Considering the vapor 
phase as a perfect gas and noting that g fν ν?  and v lp p≈ , 
fgν can be written as follows: 
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ν =    (4) 
where vR =0.2867 KJ/Kg.K. 
 
Surface tension of water can be expressed as a function of 
temperature from the following interpolating equation (Vargaftik, 








    − −
= +    
     
  (5) 
 
Here the critical temperature of water is  Tc =647.15 K and the 
interpolation constants are: 
 
α =0.2358 N/m, β =1.256, γ =-0.625 
 

























Equation 6 gives an approximate analytical expression for the 
liquid temperature required in order to have pool boiling inside a 
droplet with an impact velocity of V on a solid surface. In 
Equation 6, A, B, C,α , β , γ are known constants. vR is the gas 
constant for air and Rc is the maximum value of cavity size for 
the test surface (it corresponds to the maximum value of surface 








































  − +    
 
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       
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and Ts are expressed in kg/m
3, m/s, and K. 
 
Figure 5 shows the variations of droplet nucleation temperature 
as a function of impact velocity for different values of Rc. For 
surfaces with smaller cavities (see the curves for Rc=0.5 and 0.3 
µm) the nucleation temperature initially decreases with rising 
impact velocity and then increases. This behavior is due to 
interplay between two competing effects. As impact velocity 
increases stagnation pressure rises. In Equation (1) Tsat 
increases and vfg decreases with increasing pressure. 
Depending on which is the dominant effect, the superheat 
required for nucleation can increase or decrease with velocity. 
Experiments on pool boiling at high pressures (Rainey, You, & 
Lee 2003) have shown that superheat required to start nucleate 
boiling decreases as liquid pressure is increased. For higher 
surface roughness (see curves for Rc> 1 µm) nucleation 
temperature increases monotonically with impact velocity. In the 
limiting case, when 
CR →∞ the nucleation temperature 
approaches the saturation temperature obtained from the 
Antoine equation (see Figure 4).  
 The surfaces used in our experiments had a range of 
surface cavities, but measurements showed that the largest 
cavities, which would be expected to be active first, had a depth 
of approximately 0.5 µm. The observed nucleation temperatures 
observed in Fig 3 correspond approximately to those predicted 
by the curves in Figure 5 lying in the range Rc=0.3 to 0.5 µm, and 
also show that the nucleation temperature decreases with 























      
Figure 5: Droplet nucleation temperature as a function of 
droplet impact velocity for different values of 
cavity size compared with the value obtained 























































We studied the effect of impact velocity and surface 
temperature on the onset of bubble nucleation inside a 0.55 mm 
water droplet impinging on a stainless steel surface. A moving 
surface, mounted on the rim of a flywheel, was used to vary the 
impact velocity and substrate temperature over a wide range 
(V=10-30m/s and T=140-240ºC). The maximum extent to which a 
droplet spread increased as substrate temperature was raised 
due to reduction in liquid viscosity and surface tension. High-
resolution photographs were taken of impacting droplets 
showing bubbles forming inside spreading droplet. From these 
photographs we observed that as the impact velocity increased 
from 10 m/s to 30 m/s, the nucleation temperature deceased from 
about 200ºC to 160ºC. We proposed a simple analytical model to 
explain this behavior. As impact velocity increases the 
stagnation pressure in an impacting droplet rises. The 
saturation temperature therefore increases while the specific 
volume of the vapor decreases at higher liquid pressure. 
Depending on which effect is dominant, the superheat required 




 Bernardin, J.B., Stebbibs, C. J. and Mudawar, I., 1997, 
Mapping of impact and heat transfer regimes of water droplets 
impinging on a polished surface, Int. J. Heat and Mass Transfer, 
Vol. 40, pp. 247-267.  
Chandra, S. and Avedisian, C.T., 1991, On the collision 
of a droplet with a solid surface, Proceeding of the Royal 
Society A432, pp.13-41. 
 Carey, V.P., 1992, Liquid-vapor phase-change 
phenomena, Hemisphere Publishing Corp, pp.180-181. 
  Kim, H. Y. Feng, Z.C. and Chun, J.H., 2000, Instability of 
a liquid jet emerging from a droplet upon collision with a 
surface, Physics of Fluids, Vol. 12, No.3, pp.531-541. 
 Chen, R.H Chow, L.C. and Navedo L.C., 2001, Effects of 
spray Characteristics on critical heat flux in subcooled water 
spray cooling, International Journal of Heat and Mass Transfer, 
Vol.45, pp.4033-4043. 
Cheng, S. and Chandra, S., 2003, A pneumatic droplet-
on-demand generator, Experiments in Fluids, Vol. 34, No.6, 
pp.755-762. 
 Mehdizadeh, N.Z., Chandra, S. and Mostaghimi, J., 
2003, Adhesion of tin droplets impinging on a stainless steel 
plate: effect of substrate temperature and roughness, Science 
and Technology of Advanced Materials (4), pp.173-181. 
 Mehdizadeh, N.Z., 2003, Droplet impact dynamics: 
effect of varying substrate temperature, roughness, and droplet 
velocity, Ph.D. Thesis, University of Toronto, 2002.  
Mehdi-Nejad, V., Mostaghimi, J. and Chandra, S., 2003, 
Air bubble entrapment under an impacting droplet, Physics of 
Fluids, Vol.15, No.1, pp.173-183.  
nloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Use Rainey, K.N. You, S.M. and Lee, S., 2003, Effect of 
pressure, subcooling, and dissolved gas on pool boiling heat 
transfer from microporous surfaces in FC-72, Journal of Heat 
Transfer, Vol.125, pp.75-83. 
 Vargaftik, N.B. Volkov, B.N., and Voljak L.D., 1983, 
International tables of the surface tension of water, Journal of 
Physical Chemistry Ref. Data, Vol.12, No.3, pp. 817-820. 7 Copyright © 2004 by ASME 
: http://www.asme.org/about-asme/terms-of-use
